Invariant natural killer T (iNKT) cells are adaptive T cells with innatelike characteristics including rapid cytokine production and a proliferative response to stimulation. Development of these cells in the thymus is dependent on expression of the microRNA (miRNA) processing enzyme Dicer, indicating that iNKT cells probably have distinct miRNA requirements for gene regulation during development. The miRNA miR-155 has previously been shown to have numerous roles in T cells, including regulation of proliferation and differentiation, and positive modulation of interferon-c expression. We examined the role of miR-155 in the development and function of iNKT cells. Using germline-deficient miR-155 mice, we showed that loss of miR-155 resulted in unchanged iNKT cell frequency and cell number. Although miR-155 was up-regulated in iNKT cells upon activation with a-galactosylceramide, loss of miR-155 did not affect cytokine production or proliferation by iNKT cells. Hence, cytokine production occurs in iNKT cells independently of miR-155 expression.
Introduction
Invariant natural killer T (iNKT) cells are a versatile T-cell population, expressing a semi-invariant T-cell receptor (TCR) (Va14-Ja18 in mice) and the ability to rapidly respond to their cognate glycolipid to produce an array of cytokines and rapidly mobilize an immune response. 1 Although the unique microRNA (miRNA) profile associated with iNKT cells during activation is currently unclear, there is precedence for studying the role of miRNAs in iNKT cell development, lineage differentiation and function. Conditional loss of Dicer (the RNAaseII enzyme responsible for miRNA processing) led to a significant reduction in iNKT cells during development and in peripheral tissue, strongly indicating that miRNAs play a role in iNKT cell development. [2] [3] [4] Substantial evidence also exists for a function for individual miRNAs in the development of iNKT cells. Mir-150 is required for iNKT cell maturation and its loss results in increased interferon-c (IFN-c) production, 5 miR-181 is essential for the early development of iNKT cells 6 and Let-7 miRNAs specifically target Promyelocytic leukemia zinc finger protein (PLZF) expression during iNKT cell development in the thymus. 7 Recently, it was shown that the miRNA cluster miR17~92 regulates iNKT cell development through regulation of transforming growth factor-b. 8 miR-155 was one of the first miRNAs discovered in mammals and is expressed by multiple cells of the immune system. In B cells, over-expression of miR-155 led to the transformation and development of lymphoma, suggesting a role for miR-155 in regulating cell proliferation. 9 In T cells, miR-155 appears to have multiple unique functions. Initially, T cells from mice with germline miR-155 deficiency were shown to skew toward the T helper type 2 lineage, possibly due to loss of miR-155 negative regulation of the transcription factor c-Maf (a positive regulator of interleukin-4).
10,11 miR-155 has been shown to regulate both the CD8 + effector T-cell response and the natural killer cell response to viral infection, through effects on the proliferation of these cells, although miR-155 appears to target different mRNAs during proliferation depending on cell type. [12] [13] [14] [15] In one study, survival of CD8 + effector T cells was also impaired in the absence of miR-155. 12 effector memory subsets. 16, 17 A role for miR-155 in the survival of regulatory T cells through its action on SOCS1 has also been observed. 18, 19 Aside from a function in proliferation and survival, miR-155 can also influence cytokine production by immune cells. Indeed, miR-155 can positively regulate IFN-c production by CD4 and CD8 T cells through its repression of the phosphatase SHIP1, a negative regulator of IFN-c expression. 20, 21 We examined a role for miR-155 in the development and function of iNKT cells. Using germline-deficient miR-155 mice, we showed that loss of miR-155 subtly affected the frequency of iNKT cells in the thymus but not in peripheral tissues. Loss of miR-155 also resulted in marginally more CD44 + NK1.1 + stage 3 cells in the thymus. Although miR-155 functions to regulate conventional T-cell proliferation and cytokine production in peripheral tissue, these parameters were unaffected by the loss of miR-155 in peripheral iNKT cells. We therefore concluded that IFN-c production by iNKT cells is regulated by a mechanism independent of miR-155.
Materials and methods

Mice
All experiments were approved by the University of Pittsburgh Institutional Animal Care and Use Committee. The miR-155 knockout (KO) mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA) and bred to C57BL/6 mice to generate wild-type (WT) littermate controls. Mice were bred and housed in specific pathogenfree conditions in accordance with the Institutional Animal Care and Use Guidelines of the University of Pittsburgh. aGalCer (2 lg, Avanti Polar Lipids, Alabaster, AL) was administered intraperitoneally.
Flow cytometry
Single-cell suspensions were prepared from thymus and spleen. Bone marrow was prepared by isolating lymphocytes from the femurs of mice and preparing a single-cell suspension. Liver single-cell suspensions and adipose single-cell suspensions were prepared as previously described. 22 
Quantitative PCR
For miR-155, samples were reverse transcribed using a TaqMan TM MicroRNA Reverse Transcription Kit (P/N 4366597; Applied Biosystems, Foster City, CA, USA). Mouse MiR155 TaqMan TM MicroRNA assays were purchased from Applied Biosystems (P/N 4427975). Sno202 was used to normalize.
Statistical analysis
Two-group comparisons were assessed with an unpaired Student's t-test. GRAPH-PAD PRISM software (version 5; GraphPad, San Diego, CA, USA) was used for statistical experiments with two to four mice per group per experiment. Statistical significance was evaluated with unpaired Student's t-test, where n.s., not significant, *P < 0Á05, **P < 0Á01 and ***P < 0Á001. analyses. P-values of less than 0Á05 were considered significant.
Results
miR-155 deficiency results in increased iNKT cell frequency in the thymus
Using miR-155 germline-deficient (miR-155 KO) mice, we first characterized conventional T-cell development in the thymus of these animals. We observed that total thymocyte frequency and cell number were not significantly different between WT and miR-155 KO mice (Fig. 1a) .
To characterize the functional importance of miR-155 in the development of iNKT cells, we determined the frequency and absolute number of iNKT cells in the thymus of WT and miR-155 KO mice. Although the frequency of iNKT cells was significantly increased in the absence of miR-155, we observed no substantial difference in absolute iNKT cell number in the thymus between WT and miR-155 KO mice (Fig. 1b) . Similar to conventional T cells, iNKT cells go though sequential stages of development in the thymus. The first, stage 0, is characterized by high CD24 expression. Gating on CD1d Tetramer + CD24 + iNKT cells, we noted no difference in the frequency of absolute number of iNKT cells expressing CD24 in the thymus. We concluded that progenitor stage 0 iNKT cells were unaffected by the absence of miR-155 (Fig. 1c) (Fig. 1d) . We conclude that miR-155 deficiency results in increased frequency of stage 3 CD44 + NK1.1 + iNKT cells in the thymus. Recent reports have indicated that transcription factor expression can define iNKT cell subsets. 24 Gating on iNKT cells and examining TBET, PLZF and RORct expression, we could determine no substantial difference in expression of these transcription factors by WT and miR-155 KO cells (Fig. 1e) . Additionally, cell surface proteins expressed by iNKT cells including CD122, PD1 and CD69, were not differentially expressed by miR-155 KO cells (Fig. 1e) . Gating on thymic iNKT cells and examination of NKT1, NKT2 and NKT17 cells by transcription factor expression, we noted a slight decrease in NKT2 cells and an increase in NKT1 cells (Fig. 1e) consistent with the subtle decrease we observed in stage 2 and increase in stage 3 cells (Fig. 1d) . NKT17 cell frequency remained unchanged in the absence of miR-155 expression (Fig. 1e) .
Loss of miR-155 does not affect peripheral iNKT cells
We next determined whether the modest increase in the frequency of stage 3 iNKT cells that we observed in miR-155 KO thymocytes was consistent in peripheral iNKT cells. We compared the frequency and absolute number of iNKT cells in the spleens of WT and miR-155 KO mice. Here we observed there was no difference in the frequency and absolute number of iNKT cells in the spleen between WT mice and those with germline loss of miR-155 expression (Fig. 2a) (Fig. 2b) . To investigate cell death, we examined Annexin V and 7-AAD expression by WT and miR-155 KO iNKT cells and could determine no difference in expression (Fig. 2c) . As in the thymus, the expression of the transcription factors TBET, PLZF and RORc was unaffected by loss of miR-155 (Fig. 2d) . Finally, in other peripheral lymphoid tissues such as the liver, bone marrow, lung and adipose tissue, we did not observe a significant difference in the frequency of iNKT cells (Fig. 2e) . Hence, we concluded that the increased frequency of iNKT cells, and specifically stage 3 iNKT cells, that we observed in the thymus was lost as the cells migrated from the thymus and matured in peripheral tissue.
Loss of miR-155 does not affect iNKT cell cytokine production
Previous data have indicated that miR-155 can indirectly positively regulate IFN-c expression in conventional T cells, through targeting of the src homology 2 domaincontaining inositol phosphatase 1 (SHIP1) for degradation. Therefore, we determined whether miR-155 could affect cytokine production by peripheral iNKT cells. Interferon-c and interleukin-4 production can be detected by iNKT cells 1-3 hr after activation with their cognate ligand a-galactosylceramide (a-GC). First, we analysed expression of miR-155 in WT iNKT cells after a-GC treatment. Sorting iNKT cells from WT mice after in vivo activation, we observed up-regulation of miR-155~2-fold after 3 hr and~30-fold after 3 days of activation relative to naive iNKT cells (Fig. 3a) . Activating WT and miR-155 KO mice with a-GC for 3 hr, we could detect no difference in frequency or absolute number of splenic iNKT cells (Fig. 3b) . When we examined IFN-c and interleukin-4 production by WT and miR-155 KO iNKT cells at 3 hr after activation in vivo using intracellular staining, we observed no difference in production of these cytokines between the WT and miR-155 KO iNKT cells (Fig. 3c) . Hence, we conclude that miR-155, despite its increased expression within 3 hr after iNKT cell activation, is dispensable for production of canonical cytokines by iNKT cells. miR-155 is dispensable for the iNKT cell response at day 3 after activation miR-155 was previously reported to affect proliferation of conventional CD8 + effector T cells. [12] [13] [14] Furthermore, we observed~30-fold increase in miR-155 expression in iNKT cells upon activation with a-GC at 3 days after activation (Fig. 3a) . To determine a role for miR-155 in iNKT cells 3 days after activation, we compared WT and miR-155 KO iNKT cells at this time-point. We examined iNKT cells in the spleen, liver and bone marrow and all trended towards reduced frequency of iNKT cells in the absence of miR-155 (Fig. 4a) . However, iNKT cell absolute number in these tissues was unaffected by loss of miR-155 expression (Fig. 4a) . Moreover, we could determine no differences in NK1.1 and CD44 expression in iNKT cells from miR155 KO mice relative to WT, although as previously reported, NK1.1 down-regulation after activation with a-GC was observed in both WT and miR-155 KO iNKT cells (Fig. 4b) . Previous reports have indicated that PD1 is up-regulated on activated iNKT cells. 25 Therefore, we examined PD1 expression on WT and miR155 KO iNKT cells 3 days after activation. As with overall iNKT cell frequency and stages, we observed no differences in PD1 expression on day 3 activated iNKT cells in the absence of miR-155 (Fig. 4c) . To determine proliferation, we examined Ki-67 expression in WT and miR-155 KO iNKT cells 3 days after activation with a-GC. In all tissues examined, a subset of iNKT cells were dividing (Ki-67 + ) (Fig. 4d) . Importantly, loss of miR-155 in iNKT cells did not affect cell division by these cells in peripheral tissue after activation (Fig. 4d) . Finally, we examined transcription factor expression and could detect no difference in expression of TBET, PLZF or RORc in WT or miR-155 KO iNKT cells after activation (Fig. 4e) . Hence, we have established that despite high miR-155 expression in iNKT cells at day 3 after activation, miR-155 is dispensable for the proliferation of iNKT cells in peripheral tissue.
Discussion
We show that miR-155 has a minor role in the development of iNKT cells in the thymus. We demonstrate how loss of miR-155 resulted in increased stage 3 cells with a corresponding decrease in stage 2 cells. Although thymic development of iNKT cells was slightly perturbed in the absence of miR-155, this defect was not apparent in peripheral tissue. Loss of miR-155 resulted in normal development and cytokine production by iNKT cells in the periphery and activation was unaffected by loss of miR-155 expression. Moreover, miR-155 expression, although high in iNKT cells at day 3 after activation, was dispensable for their proliferation at this time-point. Importantly, our data are largely consistent with a previously published report in which miR-155 was overexpressed using an Lck-miR-155 transgene. 26 Here it was shown that over-expression of miR-155 resulted in an increase in stage 2 cells. 26 In this miR-155 over-expression study, peripheral iNKT cell frequency and cell number were perturbed, 26 in contrast to our findings here in which peripheral iNKT cells lacking expression of miR-155 were unaffected. It is possible that loss of miR-155 expression is compensated for by other microRNAs or even by other proteins in peripheral iNKT cells, which would account for normal iNKT cell homeostasis and activation observed in the periphery in the absence of miR-155.
Previous work has also indicated that miR-155 can indirectly regulate IFN-c expression, mediated in part through its repression of SHIP1, in conventional CD4 + and CD8 + T cells. 20 Invariant NKT cells can produce IFN-c within a matter of hours after activation, a process that was unaffected by loss of miR-155, indicating that activation-induced IFN-c production is independent of miR-155 in these cells upon activation. Overall, we find that miR-155 has a moderate effect on the development of iNKT cells in the thymus but that loss of miR-155 does not affect peripheral homeostasis, cytokine production or activation of iNKT cells in peripheral tissues.
